ABSTRACT
INTRODUCTION
The UK government wants the UK to generate 20% of its electricity demand from renewable energy technologies by 2020 to reduce carbon emissions; consequently the UK electricity network will face an increased penetration of renewable and distributed generation (DG). This can lead to higher fault levels beyond existing switchgear ratings. Therefore, increased DG penetration may require consequent network reinforcement and this may be widespread, according to forecasts of DG. Other potential causes for increased fault levels in future are increased numbers of additional transmission interconnections, general load growth and the consequent fault contribution from induction motors, and the use of superconducting cables and rotating machines [1] . The existing methods of fault current reduction include the deployment of current limiting reactors (CLR), highimpedance transformers and network splitting. Alternately, fault level limits are increased by network reinforcement through switchgear or other primary equipment replacement. These methods successfully reduce fault currents below plant ratings, but are costly and also have some inherent technical disadvantages. Series reactors and high impedance transformer solutions suffer from increased operational losses, poor voltage regulation and would require replacement should fault currents continue to rise beyond the rated limit. Similarly, current limiting fuses require manual replacement after every operation and are not suitable for higher system voltages [2] . Network reconfiguration such as bus splitting will reduce system security [3] , while switchgear replacement incurs higher capital cost. Fault current limiters (FCL) based on solidstate devices suffer from significant conduction loss during normal non-current limiting operation [4] . Superconducting FCL (SCFCL) have been seen as promising alternative to existing means of reducing fault currents. Some of the notable benefits of SCFCL technology include near-lossless operation during normal network operating conditions and an ability to limit first peak (peak make) of the fault current due its transition from super-conducting to non-superconducting state within less than half an AC cycle. Additionally, it can also enhance the transient stability of the power system by restraining the generator rotor from accelerating after faults and thereby improving system security and power quality [5] . Other work to be published soon also shows that resistive fault current limiters, similar to the subject of this paper, can also lower TRV (transient recovery voltages) and EMI generally, reducing electrical stress on equipment. This paper investigates the assessment of the fault level problem through a case study, using an urban network with DG to highlight the nature of the future fault level management required. This is followed by FCL deployment strategy and finally an analysis is carried out outlining the impact of SCFCL on network fault response using an initial simple SCFCL model. 
CASE STUDY
A typical urban radial network shown in Fig. 1 was selected for the case study as these types of network suffer from higher fault levels due to short circuit lengths and strong interconnection to achieve security of supply. Network components data and ratings were obtained from a Distribution Long Term Development Statement, which all British distribution companies are required to publish annually.
Methodology
The year 2005 was chosen as the base year and generation and load reference data for that year was used for assessing the accuracy of the modelling. The 2020 scenarios estimating DG penetration levels and load growth were based on UK government energy policy and stakeholders projections [6] . The environmental awakening scenario was considered as a way of meeting UK government targets for reducing greenhouse-gas emissions, and the assumption that DG and renewable energy technologies will help to achieve these targets.
During this investigation, the grid is represented by an ideal voltage source supplying a defined 275kV network fault level. Lumped loads are connected to the 11 kV representing the installed load at 11 kV and LV. Penetration of distributed generation is specified according to the scenario studied, with micro-generation summed and added to 11 kV busbars. Two types of DG are considered: microgenerator (µ-Gen) based on photo-voltaic (PV) and CHP based synchronous generator (SG) appropriate for this network. A set of µ-Gen and CHP based SG are connected to the 11 kV buses while another set of CHP based SG is connected at the appropriate 33 kV bus as specified by the scenarios. The average peak demand forecast within the 2020 scenarios for this network is predicted to be 94.6 MW and 24.614 MVAr.
The addition of generation to the base 2020 network model adopts a two-stage process to generate the network pictures to be analysed. Firstly, the UK wide generation mix specified in the 2020 national scenarios is scaled to the relative size of the network segment assuming a quasiuniform UK spread, but excluding generation considered irrelevant due to geographical constraints. This picture of 2020 network scenario is labelled 2020x1. Secondly, the DG penetration level is multiplied by 2, 4 and 8 to investigate the impact of local clustering effects such as may result from customer types, targets and incentives. Fault levels are assessed for three-phase zero impedance faults which occur at zero-crossings of the network voltage.
Steady-state modelling results
PSS/E software was selected to model and calculate the steady-state fault level at different nodes in the network.
Fault level data (rms break) was calculated for each network node to analyse the extent to which plant ratings are exceeded. In the PSS/E studies, faults are applied to each bus in turn and the fault level calculated and compared with a suitable reference threshold. Figure 2 shows a mapping of fault current according to the simulation data, which indicates the degree to which switchgear at various voltage levels is stressed by fault level. This is shown normalised to the reference thresholds at the respective voltage levels. Results show that 53% of the 33 kV nodes in the 2005 urban radial network experience higher fault level than the reference threshold whereas none of the 11 kV nodes experience such an issue. Not surprisingly, fault levels at lower voltages rise with increasing DG penetrations so that 62% 33 kV nodes suffer higher fault levels than their reference threshold of for 2020x1 scenario, 76% for 2020x2 and 80% each for 2020x4 and 2020x8 switchgear. The results clearly demonstrate that 33 kV networks such as this urban radial example already suffer from high fault levels. These will be aggravated by DG, although fault levels will remain dominated by contribution from the gird.
The highest relative fault level in the 2005 picture is 3% more than the reference threshold, however this gradually increases to 9%, 12%, 20% and 33% for each of the 2020x1, x2, x4 and x8 pictures.
The 11 kV plant in the urban radial network example also suffers increasing fault level with growing DG penetration, however their fault levels remain under reference thresholds until DG penetration grows beyond the levels anticipated in the 2020x4 picture. For 2020x8, the entire 11 kV network fault level exceeds the reference thresholds by approximately 2%. 
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The two arrows separate the fault level results for nodes at different network voltages, and the baseline on the scenario axis is plotted for reference purposes indicating the reference thresholds for the voltage levels.
DEPLOYMENT OF SCFCL
The impact of an SCFCL was studied using PSCAD since this can model the dynamic behaviour of an SCFCL and is therefore a better guide to its true impact on network plant and protection/control schemes. For further investigation two nodes were identified: node 331 to study the impact of SCFCL impact on 33 kV equipment and node 1135 to assess the impact on 11 kV equipment.
Modelling of SCFCL
Similar to other resistive SCFCL, the resistance of an SCFCL based on MnB 2 is also highly non-linear and is a function of fault current, temperature, magnetic field and the superconducting material. Therefore, although a linear model is of some value, it is not sufficiently accurate to fully investigate the device's effectiveness and model true network behaviour during faults. Clearly, a complete finite element model would represent these influences fully but the system studies do not justify the complexity. Therefore, a range of dynamic models have been established to support effective simulation and the results presented here have been based on a resistance vs temperature look-up table populated with the aid of experimental data [7] . While recognising the limitations of this approach, it gives opportunity to conduct early and informative modelling, and permits the impact of modified device characteristics to be assessed.
Deployment Strategy
The SCFCL model was based on a device design with the objective of reducing fault levels to marginally below the reference threshold. Analysis of the simulation results obtained for both 33 kV and 11 kV faults demonstrates that for a 33 kV fault, the transmission grid is the single largest fault current contributor, accounting for almost 86% of the total fault current. The 33 kV DG contributes merely 11%. In contrast to this, the 11 kV connected DG is the major contributor to the 11 kV fault contributing almost 48% of the total 11 kV fault current followed by 34% from the grid and 18% from 33kV DG. These results show that the 33 kV switchgear will be overstressed to the extent that present operational restrictions are not adequate. Given the significance of the grid sourced fault current, the preferred location of the SCFCL is on the 33 kV side of the 275/33 kV transformer. Fig. 3 and 4 show the 33 kV fault current without and with SCFCL. During the simulation, fault current data was calculated for both the scenarios: fault current with and without SCFCL and presented in table 1. Table 1 summarizes the reduction in peak make, peak break and RMS break and these are 43.75%, 52.62% and 28.05% respectively. The reduction of all components of the fault current is due to the fast transition of the SCFCL from superconducting to non-superconducting state, rapidly developing a resistance in the circuit and so reducing the fault current. The deployment of the SCFCL at the 33 kV side of the 275/33 kV transformer successfully reduces 33 kV fault current, however it has limited impact in reducing 11 kV fault current. Table 2 lists the 11 kV fault current components with and without SCFCL and these clearly show that the rms break current of the fault current reduces merely by 2%. Operation of the SCFCL has two effects on the circuit: firstly it introduces additional impedance, and Another alternative way of reducing 11 kV fault levels is to insert an SCFCL in series with 11 kV DG (DG11). This was studied and Table 3 shows the results which confirm that an SCFCL at DG11 is capable of reducing 11 kV fault current. It was expected as the DG11 contribution is reduced substantially which accounts for 48% of the 11 kV fault current. SCFCL resistance equals to 3Ω is used, resulting in reduction of all three fault current components: 26%, 36% and 39% of peak make, peak break and rms break respectively.
CONCLUSION
It is demonstrated that a resistive SCFCL is capable of reducing fault current and hence can be used as a power system component for fault current management. The device not only reduces rms break component of fault current, but it also reduces peak make and peak break components due to the ability of the SCFCL to change its state from superconducting to non-superconducting in less than half an AC cycle. The advantages of reduced peak make is: reduced electromagnetic forces on conductors carrying fault current, reduced torque on generator and prime mover, and less damage at the point of fault so that successful auto-reclose more likely, or, if the fault is permanent, a shorter repair time and lower repair cost. Since an SCFCL can reduce fault currents, this can avoid costly and inconvenient switchgear replacement where fault levels exceed switchgear ratings. It has also shown the potential of rethinking of the design of switchgear and networks. As well as these benefits, the resistive SCFCL reduces the rate of rise and peak of TRV, resulting in reduced insulation breakdown and smaller EMI. Although the primary function of SCFCL is reducing fault current, but due to its inherent ability to reduce RRTRV and peak of TRV it is advantageous to use at a network where TRV is an issue. It is also capable of improving DG stability.
